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Temperature and dc magnetic-field dependencies of the electrical resistivity ~4.3–300 K, 0–40 kOe! and
heat capacity ~3.5–14 K, 0–100 kOe! of polycrystalline Gd5Ge4 have been measured. The electrical resistivity
of Gd5Ge4 shows a transition between the low-temperature metallic and high-temperature insulatorlike states at
;130 K. In the low-temperature metallic state both the resistivity and electronic heat capacity of Gd5Ge4
indicate a possible presence of a narrow conduction band. Both low- and high-temperature behaviors of the
electrical resistivity of Gd5Ge4 correlate with the crystallographic and magnetic phase transitions induced by
temperature and/or magnetic field. Several models, which can describe the unusual behavior of the electrical
resistance of Gd5Ge4 above 130 K, are discussed. Preliminary tight-binding linear muffin-tin orbital calcula-
tions show that Gd5Ge4 behaves as a metal in the low-temperature magnetically ordered state, and as a
Mott-Hubbard ‘‘semiconductor’’ in the high-temperature magnetically disordered state.
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I. INTRODUCTION
The electrical resistivity ~r! of rare-earth-based interme-
tallics without an energy gap in the electronic structure, in
general, and silicides and germanides, in particular, is deter-
mined by several contributions which arise from phonon,
electron, magnetic, and other scattering mechanisms.1,2 Cor-
respondingly, when any or all of these interactions change
significantly, e.g., during magnetic phase transformations be-
tween different magnetically ordered phases, or between
magnetically ordered and disordered phases, an anomalous
behavior of the electrical resistivity is usually observed. In
multidomain ferromagnetic materials, an additional contribu-
tion to the resistivity arises from domain walls when com-
pared to a single-domain ferromagnet.3
In lanthanide-based materials, f -s(d) interactions play an
important role in determining the behavior of their electrical
resistivity.1 Because 4 f electronic states are well localized,
the exchange interactions in the lanthanide-based intermetal-
lic compounds are generally described by the Ruderman-
Kittel-Kasuya-Yosida model, which is based on the interac-
tions between the localized 4 f -electron magnetic moments
and the s(d) conduction electrons. Hence, the electronic
transport in 4 f systems is sensitive to the f -s(d) interactions
and in some materials, e.g., Kondo systems, these interac-
tions can be strong enough to create heavy fermion state and
induce a narrow energy gap at Fermi level.1,4 Therefore, the
behavior of the electrical resistivity in lanthanide-based ma-
terials, especially those with first- and ~or! second-order
phase transitions, can be quite complex, but it provides a
useful indicator enabling a better understanding of the elec-
tronic processes as the temperature and/or magnetic field
vary.
The electrical resistivity of the Gd-based intermetallic al-
loys, including complex silicides2,5 and germanides,6 usually
shows a positive dr/dT . However, in some lanthanide-based
materials the resistivity may show a negative dr/dT due to
different reasons @for example, above the Ne´el temperature
in Gd2CuGe3,6 or in the vicinity of the magnetic phase trans-
formations in Gd2In ~Ref. 7!# indicating the presence of
weak conduction-electron localization effects. The electrical
resistivity in these cases is mainly determined by correlation
between the localized 4 f electronic states and conduction
electrons.
In other systems, e.g., in the Gd5(SixGe42x) alloys, the
nature of electron correlations is largely affected by a spe-
cific change of the electronic, magnetic, and crystal struc-
tures, and significant anomalies of the electrical resistivity
are found during the first-order magnetic phase transitions
induced by temperature and/or magnetic field.8–10 These al-
loys are based on Gd5Ge4 and Gd5Si4 compounds which
were thought to have the same crystal structure,11 but later
were found to have distinct differences in Si-Si and Ge-Ge
bonding.12,13 It was reported that Gd5Ge4 is a simple antifer-
romagnet with a Ne´el temperature of ;15 K.11 However, our
study14 showed that this binary compound has a much more
complex temperature and magnetic field dependence of its
magnetic state.
Gd5Ge4 has a distinctly layered crystal structure ~Fig. 1!
where four monoatomic, almost flat, layers formed by either
Gd or Ge atoms, and one mixed (Gd1Ge) atomic layer are
tightly bonded together, thus creating two-dimensional slabs.
At room temperature, when the compound is paramagnetic,
the slabs are not connected with one another via covalentlike
Ge-Ge bonds.12 As shown by Choe et al.,13 the crystallo-
graphic phase transformation in Gd5~Si2Ge2! is accompanied
by a breaking and reforming of one-half of the interslab
bonds. Recently, Morellon et al.15 also reported a similar
crystallographic transformation in Gd5~Si0.4Ge3.6!, and an
analysis of their crystallographic data indicates that all inter-
slab bonds break and reform during the crystallographic tran-
sition in Gd5~Si0.4Ge3.6!. We note that crystallography and
magnetism in the Gd5(SixGe42x) system are closely related,
i.e., in all alloys studied to date,8–15 the ferromagnetic state
is observed only when all slabs are interconnected @the
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Gd5Si4-type structure; see Fig. 1~b!#, while the paramagnetic
state exists when none @Sm5Ge4-type structure; see Fig.
1~a!#, one-half @Gd5~Si2Ge2!-type structure13#, or all (Gd5Si4-
type structure12! slabs are interconnected.
In this paper we report on the temperature ~4.3–300 K!
and magnetic field ~0–40 kOe! dependencies of the electrical
resistivity and the temperature ~3.5–14 K! and magnetic field
~0–100 kOe! dependencies of the electronic heat capacity of
polycrystalline Gd5Ge4, and on the results of tight-binding
linear-muffin-tin-orbital calculations of its electronic band
structure.
II. EXPERIMENTAL DETAILS
The Gd5Ge4 compound was prepared by arc melting a
stoichiometric mixture of the constituent elements using Gd
~99.9-at. % purity! and Ge ~99.99-at. % purity!. Gadolinium
was prepared by the Materials Preparation Center, Ames
Laboratory, and contained the following major impurities ~in
ppm atomic!: O, 440; C, 200; H, 160; N, 90; Fe, 40; and F,
30. Germanium was purchased from CERAC, Inc. The alloy
~total weight ;15 g! was arc melted six times, with the but-
ton being turned over each time to ensure alloy homogeneity.
Weight losses during arc melting were negligible, and, there-
fore, the alloy composition was assumed to remain un-
changed. No impurity phases were detected by x-ray powder
diffraction ~see the results of Rietveld refinement in Fig. 2!
and optical metallography; therefore, the alloy was studied
without further heat treatment. The crystal structure of the
prepared Gd5Ge4 is orthorhombic, space group Pnma with
the following lattice parameters: a57.6968(5) Å, b
514.831(1) Å, and c57.7851(5) Å, i.e., the same as re-
ported earlier.12
The polycrystalline sample for the electrical measure-
ments had the dimensions ;23234 mm3. Electrical con-
nections to the sample were made by attaching thin platinum
wires using H20E Epotek silver paste manufactured by Ep-
oxy Technology. The dc electrical resistance measurements
were carried out using Lake Shore Model No. 7225 magne-
tometer equipped with a probe for making four-point mea-
surements. The measurements were performed at a constant
dc electrical current of 10 mA in a temperature range from
4.3 to 300 K and in magnetic fields from 0 to 40 kOe with
the current applied in opposite directions to eliminate pos-
sible thermals. The magnetic-field vector was oriented paral-
lel to the direction of electrical current j. The heat capacity
was measured using an automatic adiabatic heat pulse
calorimeter.16 The polycrystalline sample for the heat capac-
ity measurements was ;1031033 mm3. The electronic
heat capacity ~g! was determined by fitting the low tempera-
ture data to the expression C5gT1bT3, where C is the
molar heat capacity, b is the lattice heat capacity, and T is the
absolute temperature. The error of resistance measurements
was ;1%, heat capacity ;0.7%. The details of the calcula-
tions of the electronic structure of Gd5Ge4 will be presented
below ~see Sec. III E!.
III. EXPERIMENTAL RESULTS AND DISCUSSION
A. Electrical resistance
Temperature dependencies of the electrical resistivity of
Gd5Ge4, measured on heating and cooling between 4.3 and
300 K, are shown in Fig. 3. The measurement on heating was
made after the sample was slowly ~;0.5 K/min! cooled in
the zero magnetic field. Both resistivity functions of Gd5Ge4
FIG. 1. The crystal structures of Gd5Ge4 in the room-
temperature paramagnetic state and low-temperature antiferromag-
netic states ~a! and in the low-temperature ferromagnetic state ~b!.
The essentially identical slabs are formed from cubes and trigonal
prisms with Gd atoms in all corners sharing rectangular faces, and
include GdGe6 octahedra. The directions, in which the slabs move
relative to one another during the antiferromagnetic-ferromagnetic
phase transition, are shown by thick horizontal arrows in ~a!. The
short Ge-Ge distances corresponding to the covalentlike interslab
Ge-Ge bonding in the ferromagnetic state are shown in ~b! by a
thick line connecting the corresponding Ge atoms. This model is
based on the crystallographic results given in Refs. 11–13 and 15.
FIG. 2. The observed ~dots! and calculated ~line! diffraction
patterns of the as-arc-melted Gd5Ge4 alloy. The x-ray-diffraction
data were collected at room temperature. Vertical lines at the bottom
of the plot indicate the calculated (lKa1) positions of the Bragg
peaks.
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in zero magnetic field show the same behavior, indicating
that the mechanisms of charge-carrier scattering and their
concentration, if any, are independent of the direction of the
temperature change. The electrical resistivity exhibits the
low-temperature metallic and the high-temperature semicon-
ductorlike behaviors, and displays a well-defined peak at
;130 K; see the inset in Fig. 3. In general, the character of
the temperature dependence of the resistivity of Gd5Ge4 be-
tween 5 and 300 K is similar to that reported in Ref. 17, but
the resistivity values—the Dr/rDT ratio in the metallic
state, the temperature of the peak, and the behavior of r
above 130 K—are different. According to our data, the resis-
tivity of our Gd5Ge4 sample is approximately 2.6 and 22.6
mV cm at 5 and 130 K, respectively, and the r130 K /r5 K
ratio is 8.7. Reference 17 reported a resistivity maximum of
32 mV cm at 115 K and a r115 K /r5 K ratio of about 2.1. In
both cases, a large resistivity of Gd5Ge4 at 5 K reflects the
presence of microcracks in the sample, which is typical of all
Gd5(SixGe42x) alloys.8,9 Between 10 and 50 K, the electrical
resistivity of Gd5Ge4 shows nearly linear (r}BT) depen-
dence with B5186 mV cm/K. Based on the observed change
of the electrical resistivity behavior from metalliclike to su-
perconductorlike i.e., a change of the sign of dr/dT from
positive to negative, it is feasible that a metal-insulator tran-
sition MIT18 takes place in Gd5Ge4 at ;130 K. Although the
observed behavior of the electrical resistivity is obviously
nonrepresentative of a MIT, we used this term to indicate
that the varying temperature induces a transition between the
metallic and nonmetallic behaviors in Gd5Ge4.
The observed behavior of the electrical resistivity is
closely related to the magnetic state of Gd5Ge4 as a function
of both temperature and magnetic field. Full details about the
magnetism of the Gd5Ge4 system will be published
elsewhere,14 but a brief description of the most important
results is given below. As shown in Fig. 4, above ;130-K
Gd5Ge4 is paramagnetic, while below 130 K the Gd sublat-
tice in the Gd5Ge4 compound cooled at zero magnetic field
forms an unusual antiferromagnetic ~AFM! structure, possi-
bly one of the few types discussed in Ref. 19. No ferromag-
netic order has been detected in zero magnetic field down to
the lowest available temperature, ;1.8 K. The application of
a magnetic field exceeding ;18 kOe at 4.3 K transforms the
AFM state in Gd5Ge4 into a ferromagnetic ~FM! state similar
to that usually observed during metamagnetic transitions ~see
the inset in Fig. 4!. Although no direct confirmation exists so
far for this material, we believe that the AFM→FM transi-
tion in Gd5Ge4, induced by a magnetic field, is accompanied
by a crystallographic Sm5Ge4-type→Gd5Si4-type transition
as shown in Fig. 1 and reported for Gd5~Si0.4Ge3.6! in Ref.
15. After the magnetic field is reduced isothermally back to
zero, Gd5Ge4 remains in the FM state ~see the inset in Fig.
4!. The inverse FM→AFM transformation in Gd5Ge4 can be
induced only by heating the sample from 4.3 K to above
;25 K. Above ;25 K, the combined AFM↔FM and crys-
tallographic ~Fig. 1! transformations can be induced revers-
ibly by the isothermal application and removal of the mag-
netic field; therefore, this behavior is similar to that observed
in other of Gd5(SixGe42x) materials.8,9 Hence the high-
temperature nonmetallic state of Gd5Ge4 is magnetically dis-
ordered, the low-temperature ~zero magnetic field! metallic
state is antiferromagnetic, and the combined magnetic-
crystallographic transition is irreversible below ;10 K but
becomes fully reversible above ;25 K. We note that accord-
ing to the heat-capacity data the high-temperature
AFM↔PM transformation is a second-order phase transi-
tion, and the low-temperature magnetic AFM↔FM and crys-
tallographic transformations are first-order phase transitions.
FIG. 3. Temperature dependencies of the electrical resistivity of
polycrystalline Gd5Ge4 measured on heating and cooling in zero
magnetic field. The inset shows an expanded view of the behavior
above 120 K.
FIG. 4. The magnetic phase diagram of Gd5Ge4, which was
constructed from the heat capacity and magnetization data, delin-
eates the phase fields observed in the system during isofield heating
or isothermal magnetizing. The inset shows the magnetization of
Gd5Ge4 cooled in zero magnetic field. During the first magnetic
field increase, which is shown by open squares in the inset, a meta-
magneticlike transition occurs at ;18 kOe. During the first
magnetic-field reduction ~closed circles! and during the second and
following magnetic-field increases ~opened triangles!, the magneti-
zation behavior is typical of a soft ferromagnet.
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The isothermal behavior of the electrical resistivity of
Gd5Ge4, when the magnetic field was cycled between 0 and
40 kOe at 5 K, is presented in Fig. 5. When the magnetic
field increases for the first time, the resistivity initially de-
creases, and then shows a sharp ~;30%! discontinuity at
;22 kOe. This discontinuity corresponds to a transformation
of Gd5Ge4 from an AFM into a FM state, as confirmed by the
magnetic data. When the magnetic field is reduced from 40
kOe to zero, the resistivity remains nearly constant and then
slightly increases below 5 kOe but the sharp discontinuity is
no longer present. During the second and subsequent
magnetic-field cycles ~only the second cycle is shown in Fig.
5!, the electrical resistivity shows no discontinuities because
Gd5Ge4 remains ferromagnetic ~as noted above!. Therefore,
the electrical resistivity of Gd5Ge4 is larger in the FM state
when compared with that in the AFM state, and its behavior
supports the conclusion that the metamagneticlike phase
transition induced by a magnetic field at 5 K is irreversible.
The low-temperature dependencies of the electrical resis-
tivity of Gd5Ge4 measured on heating in zero magnetic field
without first applying magnetic field ~curve 1!, and also after
the magnetic field was cycled between 0 and 40 kOe and
back to zero at 5 K ~curve 2!, are shown in Fig. 6. The
zero-magnetic-field resistivity of AFM Gd5Ge4 on heating
and cooling shows a Fermi-liquid (r}AT2) behavior20,21 be-
low 11 K ~see the inset in Fig. 6! with A510.3 mV cm/K2.
This is an unexpected result for a Gd-based material because
this value of A falls into the category of the strongly corre-
lated electron systems. For example, A is ;0.3 and ;40
mV cm/K2 in the well-known representatives of strongly
correlated electron systems V2O3 ~Ref. 20! and CeAl3,21
respectively.
After the Gd5Ge4 sample is cycled in a magnetic field and
the AFM state is irreversibly transformed into a FM state; the
temperature dependence of the electrical resistivity shows a
peak at ;15 K ~Fig. 6!. A similar peak is also observed at
;29 K when Gd5Ge4 is cooled in a 20-kOe dc magnetic field
~Fig. 7!. Therefore, regardless of whether Gd5Ge4 cooled in
the nonzero magnetic field or heated after the magnetic field
at 5 K increased from 0 to 40 kOe and reduced to zero again,
the temperature change induces a first-order phase transition
between the FM and AFM states. During these transforma-
tions, the electrical resistivity shows a peak reflecting the
changes in the electronic structure of Gd5Ge4. The resistivity
of Gd5Ge4, measured in an applied magnetic field both on
heating and cooling, also shows a Fermi-liquid behavior ~see
the inset in Fig. 7!. This behavior occurs over a broader
temperature range ~;5 to ;16 K! and with a smaller A ~2.5
FIG. 5. Isothermal magnetic-field dependencies of the electrical
resistivity of Gd5Ge4 at 5 K during cycling between 0 and 40 kOe.
FIG. 6. Temperature dependencies of the electrical resistivity of
Gd5Ge4 measured on heating in zero magnetic field after ~1! the
sample was cooled in zero magnetic field and was in the AFM state
at 5 K; and ~2! the sample was cooled in zero magnetic field and
then held isothermally at 5 K while being subjected to a magnetic-
field increase from 0 to 40 kOe and a reduction to 0, thus trans-
forming the specimen into a FM state at 5 K. The inset shows the
linear low-temperature behavior of the electrical resistivity in the
AFM state from ;5 to ;16 K in r}T2 coordinates in zero mag-
netic field.
FIG. 7. Temperature dependence of the electrical resistivity of
Gd5Ge4 measured on cooling in a 20-kOe magnetic field. The inset
shows the linear low-temperature behavior of the electrical resistiv-
ity in the AFM state from ;5 to ;16 K in r}T2 coordinates.
LEVIN, PECHARSKY, GSCHNEIDNER, AND MILLER PHYSICAL REVIEW B 64 235103
235103-4
mV cm/K2!, when compared to that in zero magnetic field
~see above!.
The electrical resistivity of Gd5Ge4 is also quite different
when compared with that of Gd5Si4.22 The latter exhibits
only a metallic behavior in both magnetically ordered and
magnetically disordered states. We believe that this differ-
ence is due to the considerable differences in the interslab
interactions12,13,15 in both the silicide and the germanide, and
thus a variation of the interslab bonding can significantly
influence the electronic structure of these two compounds.
B. Electrical resistivity after the cycling of sample through the
first-order phase transition
Simple thermal cycling of Gd5Ge4 between ;5 and ;300
K in zero magnetic field has no effect on its electrical resis-
tivity both below and above 130 K. We note that during
temperature cycling in zero magnetic field, Gd5Ge4 exhibits
only a second-order magnetic phase transition at ;130 K,
with no crystallographic phase change. A cycling of Gd5Ge4
through a first-order phase transition is possible by ~1! in-
creasing the magnetic field at 5 K to above ;20 kOe, and
then heating the sample in zero magnetic field to above ;15
K; ~2! heating and cooling in magnetic fields exceeding ;20
kOe; and/or ~3! magnetizing and demagnetizing the sample
at 25–35 K using a magnetic field on the order of ;40
kOe.14 As a result of cycling through the first-order phase
transition, the electrical resistivity of Gd5Ge4 changes. First,
the total electrical resistivity continuously increases, which is
expected due to the reported13,15 volume change and the ap-
pearance of additional microcracks in the sample.9,23 Second,
the low-temperature metalliclike behavior of the electrical
resistivity of Gd5Ge4, i.e., below 130 K, remains similar, but
the high-temperature semiconductorlike behavior, i.e., above
130 K, changes considerably. Figure 8 shows this change by
comparing the high-temperature dependencies of the electri-
cal resistivity of the as prepared Gd5Ge4 sample and after it
was cycled through the first-order phase transition nine
times. The observed change in the r(T) slope indicates that
the resistivity of the high-temperature nonmetallic state of
Gd5Ge4 is quite sensitive to microcracks in the specimen.
One can assume that lattice defects, which appear during the
cycling, result in a less pronounced localization of the charge
carriers, which is manifested through the less negative
dr/dT in the paramagnetic, nonmetallic region.
C. Possible models for the observed behavior of the electrical
resistivity
In general, the main contributions to the zero-magnetic-
field electrical resistivity of metallic Gd-based magnetic al-
loys arise from the residual resistivity (r0), phonon scatter-
ing (rph), electron scattering (rel), and magnetic scattering
(rmag). However, the behavior of the electrical resistivity of
Gd5Ge4 is quite different when compared with other com-
mon Gd-based compounds.5–7,24,25 First, in the high-
temperature paramagnetic state, the electrical resistivity has a
negative dr/dT , and is larger than Mott’s limit for the me-
tallic resistivity, which is about rmax5smin
21 5(e2n/\kF2)21
’1 mV cm.18 Second, the electrical resistivity of Gd5Ge4
shows an irreversible change at 5 K induced by a magnetic
field due to a metamagneticlike transition. Finally, after
Gd5Ge4 has been irreversibly transformed into the ferromag-
netic state at 5 K, its electrical resistivity exhibits a peak
during heating in zero magnetic field and a similar peak dur-
ing cooling in an applied magnetic field, showing that the
electrical resistance is quite sensitive to phase transitions be-
tween AFM and FM phases ~in the majority of Gd-based
compounds such a transition is generally manifested as a
change in slope in a resistivity vs temperature plot!.
In the metallic Gd,26 as well as in other Gd-based metallic
materials,1,9 the contribution of magnetic disorder to the
electrical resistivity is similar in different materials, assum-
ing that it has a nearly linear temperature dependence in the
ferromagnetic state. The magnetic disorder contribution
reaches its maximum in the paramagnetic state due to the
maximum disorder of the localized magnetic moments. Be-
cause the electrical resistivity of Gd5Ge4 does not show a
metallic behavior in the paramagnetic state, it is impossible
to determine the real value of rmag by an approximation of
the pure electron-phonon component to 0 K. However, since
Gd5Ge4 is clearly paramagnetic above ;130 K, and assum-
ing a magnetic contribution coefficient of ;0.38
mV cm/K,1,26 we obtain a maximum of rmag’50 mV cm,
which is more than two orders of magnitude smaller than the
experimentally observed resistivity at 130 K. Therefore, the
presence of only rph and rmag contributions does not provide
an explanation for the unusually large Dr/rDT’1022 K21
of Gd5Ge4 in the temperature range from 4.3 to 130 K.
Since the temperature dependence of the electrical resis-
tivity is determined by both the mobility of the charge carri-
ers and their concentration, a change of one or both during
the phase transformation in Gd5Ge4 is quite likely. In prin-
ciple, the anomalous reduction of the electrical resistivity in
lanthanide metallic systems with temperature can be the re-
FIG. 8. Temperature dependencies of the electrical resistance of
the Gd5Ge4 sample before and after it was cycled through the first-
order phase transition nine times. To eliminate the difference due to
an increase in r0 , the resistance was normalized to its maximum
value at 130 K.
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sult of various reasons: ~1! Kondo scattering @r}ln T# due to
the strong 4 f -s(d-) correlations, e.g., heavy fermion
systems;1,3 ~2! thermally activated generation of charge car-
riers @r}exp(D«/kT)# in the system where their low-
temperature concentration is lower than in metals, which is
usually observed in materials with an energy gap in the elec-
tronic structure ~i.e., semiconductors!, or in materials with
weakly overlapping valence and conduction bands ~i.e.,
semimetals!; and ~3! a hopping process @r}exp(T0 /T)# usu-
ally observed in atomically and/or magnetically disordered
metallic materials.18
Considering the first possibility outlined above, it is un-
likely that the negative dr/dT above ;130 K in Gd5Ge4 is
the result of interactions between the localized 4 f electrons
of Gd and conduction electrons. Such a behavior is observed
in Ce-, Eu-, and Yb-based metallic materials, where similar
anomalies were observed at low temperatures and are due to
the intra-atomic and interatomic electrons correlation.1 Fur-
thermore, the experimental temperature dependence of the
electrical resistance of Gd5Ge4 cannot be fitted by the r
}ln T law over the entire temperature range above 130 K.
Considering the second possible mechanism, it is possible
that an energy gap appears in the electronic structure of
Gd5Ge4 above 130 K. The observed temperature dependence
of the electrical resistance of Gd5Ge4 can be linearly ap-
proximated in the ln r}1/T coordinates above ;140 K ~see
Fig. 9!. Assuming that in this region a true thermally acti-
vated process takes place, the calculated energy gap is about
5.4 meV. However, a system with such a small energy gap in
the electronic structure is expected to be degenerate at tem-
peratures above ;70 K and a semiconductorlike behavior,
therefore, should not be observed.
Considering the third possible mechanism, we find that
the electrical resistivity above ;130 K measured on both
heating and cooling can also be fitted by the expression r
}exp(T0 /T)9, which usually describes the electrical resistiv-
ity in terms of the hopping model.18,27 Certainly, due to the
limited temperature range, the T0 /T ratio is rather small for
the correct determination of n, but Fig. 9 shows that n
50.25 may reasonably describe the temperature dependence
of the electrical resistivity of Gd5Ge4 above 130 K. To sug-
gest the hopping process as the possible mechanism of the
electrical conductivity in Gd5Ge4, one can assume that above
TMIT’130 K the conduction electrons in Gd5Ge4 are tempo-
rarily trapped by the localized electronic states of the non-
bonded Ge atoms located on the slab surfaces, i.e., they form
electronic pairs with partially unfilled valence atomic orbit-
als. Therefore, this trapping is responsible for a reduction of
the electrical conductivity of the material. In principle, this
model is similar to the model proposed to explain the
electron-phonon coupling in the colossal magnetoresistance
manganites which is strong enough to ‘‘self-trap’’ the con-
duction electrons, producing a truly insulating state at high
temperatures.28,29 Also, this model finds support in the be-
havior of the electrical resistance of other Gd5~SixGe42x)
materials which have a nonmetallic character in the paramag-
netic state with nearly zero dr/dT9 for Gd5~Si2Ge2), where
only one-half of the interslab bonds remains, or the metallic
character with a positive dr/dT17,22 for Gd5Si4, where all
interslab bonds are present. The hopping model, therefore,
seems the most likely mechanism responsible for the anoma-
lous reduction of the electrical resistivity of Gd5Ge4 above
;130 K.
Regardless of the actual mechanism, we should note that
the MIT observed in Gd5Ge4 at ;130 K is the result of a
change in the electronic structure, and that change coincides
with the transition between the low-temperature ~,130 K!
antiferromagnetic and high-temperature ~.130 K! paramag-
netic states. In general, metal-insulator transitions can be di-
vided into two categories:30,31 Mott-Hubbard transitions trig-
gered by electronic correlations, and Anderson-Mott
transitions triggered by a disorder. It is difficult to com-
pletely understand the nature of the metal-insulator transition
in Gd5Ge4 without the availability of low-temperature crys-
tallographic and magnetic structure data. However, it is clear
that the metal-insulator transition in Gd5Ge4 is accompanied
by an order↔disorder magnetic phase transition, and it is
feasible that the temperature-induced change of the lattice
parameters ~i.e., thermal expansion! may play an important
role in this transition by changing interatomic distances. The
temperature dependencies of the heat capacity of Gd5Ge4 in
zero and nonzero magnetic fields show that the metal-
insulator transition occurring in Gd5Ge4 is a second-order
phase transition, and the temperature of this transition
changes from ;130 K in zero magnetic field to ;115 K in
100-kOe magnetic field.
Furthermore, although Gd5Ge4 is not ferromagnetic at low
temperatures in zero magnetic field, and there is no interac-
tion between the slabs propagating through Ge-Ge bonds, the
metallic state can appear below ;130 K due to the change in
the overlap or in localization of the 5d electronic orbitals of
Gd. However, we believe that due to larger interatomic dis-
tances, the overlap of these 5d orbitals in Gd5Ge4 is smaller
when compared with Gd5Si4 and it is feasible that at low
temperatures Gd5Ge4 is a metal with a narrow conduction
band.
FIG. 9. Temperature dependencies of the electrical resistivity of
Gd5Ge4 plotted in the ln r}1/T ~curve 1! and ln r}T20.25 ~curve 2!
coordinates.
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D. Electronic specific-heat coefficient
If our suggestion about the appearance of a narrow con-
duction band below 130 K is true, an increased effective
mass of the conduction electrons, i.e., an enhancement of
both the density of states at the Fermi level and, therefore,
the Sommerfeld specific-heat coefficient, should be also ob-
served. The low-temperature dependencies of the C/T vs T2
function of Gd5Ge4 in zero and nonzero magnetic fields, the
calculated electronic specific-heat coefficients ~g! and
Debye temperatures (QD) are presented in Fig. 10. The av-
erage electronic heat-capacity coefficient, g51363 mJ/
mol@Gd] K2, is enhanced when compared with that for many
other metallic systems with weak electron correlations. Fur-
thermore, according to our data the electronic specific-heat
constants for Gd5Si4 and La5Ge4 are 2.5 mJ/mol@Gd# K2 and
3.2 mJ/mol@La# K2, respectively. The temperature interval,
where C/T has a linear temperature dependence, increases
with a magnetic field, i.e., between 3.5 and ;7 K in zero
magnetic field, and between 3.5 and ;14 K for H>50 kOe
~Fig. 10!. The enhancement of the electronic heat capacity,
therefore, supports the presence of a narrow conduction band
in Gd5Ge4 at low temperatures.
It is evident from Fig. 10 that there is a significant differ-
ence in the slope ~b! of the C/T vs T2 plots for the zero-field
results and for the magnetic-field results for H>50 kOe,
with the 20-kOe data lying between the two sets of functions.
Since b is inversely related to the Debye temperature, as
follows from
QD
3 5~1/b!1.94373106, ~1!
we will discuss the observed behavior in terms of the Debye
temperature. In zero magnetic field the Debye temperature of
antiferromagnetic Gd5Ge4 is 121 K, which is significantly
lower than that observed for ferromagnetic Gd5Si4 ~241 K!
and for paramagnetic La5Ge4 ~192 K!. We note that in both
Gd5Si4, which has interslab bonds, and La5Ge4, which has
no interslab bonds, the Debye temperature is magnetic field
independent. Furthermore, the high magnetic field QD for
Gd5Ge4 is 18963 K, which is consistent with the QD value
for La5Ge4 and somewhat low compared to Gd5Si4. In order
to make a more meaningful comparison, we make use of the
Lindemann equation32 relating QD to the melting point Tm ,
the molar mass M, and the atomic volume V ,
QD5K~Tm /M !1/2~1/V !1/3, ~2!
where K is a constant. Using the measured QD of Gd5Si4, we
can determine K and then estimate what the QD values might
be for Gd5Ge4 and La5Ge4, assuming Lindemann’s equation
holds. The calculated value for La5Ge4 is 190 K, which is in
excellent agreement with the observed value of 192 K. But
for Gd5Ge4 the calculated value of 214 K is about 12% larger
than the measured value of 189 K. This difference is prob-
ably within the reliability of Eq. ~2!.
The zero field QD of Gd5Ge4 ~121 K! is another matter; it
is much too low compared to the values for the other R5X4
phases. This suggests that there is a magnetic contribution to
the observed slope, i.e., bT5bL1bM , where the subscripts
denote the following: T total; L lattice; and M magnetic. This
is quite reasonable since Gd5Ge4 orders antiferromagneti-
cally in zero magnetic field below 128 K; see Fig. 4. For a
simple antiferromagnetic material CM}T3 ~Ref. 33!, which
would account for a nonzero bM value, and thus a larger bT .
At H520 kOe ~applied at the lowest temperature, i.e., ;3.5
K! the Gd5Ge4 is a two-phase material consisting of antifer-
romagnetic and ferromagnetic structures,14 and therefore the
observed QD ~138 K! is intermediate between zero ~121 K!
and high-field values ~189 K!.
Although, as discussed above, in magnetic fields below
;50 kOe the calculated values of the Debye temperature
~from the heat capacity! are biased by magnetic excitations,
we believe that there may be another contribution to the
observed steplike increase of Debye temperature of Gd5Ge4
between 0 and 50 kOe. It is possible that the phonon excita-
tions change due to the crystallographic phase change and
the formation of the interslab bonds, which could account for
some of the increases in QD .
E. Calculated electronic structure of Gd5Ge4
To gain some insights into the metal-semiconductor
transition in Gd5Ge4, tight-binding linear-muffin-tin-orbital
calculations using the atomic sphere approximation
~TB-LMTO-ASA!34,35 were carried out using the available
information about the room-temperature crystal structure
and a model of the low-temperature structure based
on low-temperature crystallographic parameters for
Gd5~Si0.33Ge3.67), in which all Si and Ge atoms belong to
dimers ~of Gd5Si4 type!.12,36 The basis set for the TB-LMTO-
ASA calculations consisted of 6s , 6p , 5d , and 4 f functions
for Gd ~Wigner-Seitz radii between 3.3 and 3.5 atomic units!
and 4s , 4p , and 4d functions for Ge ~a Wigner-Seitz radius
of 2.9 atomic units!. Also, to satisfy the overlap criteria of
atomic spheres in the LMTO-ASA method, 52 empty spheres
were included in the unit cells. k-space integrations were
made using the tetrahedron method, with more than 1000 k
FIG. 10. The C/T vs T2 dependence of Gd5Ge4 from 3.5 to ;14
K. The symbols represent experimental data points, and solid lines
indicate the results of a least-squares fit of the experimental data
using C5gT1bT3.
ELECTRICAL RESISTIVITY, ELECTRONIC HEAT . . . PHYSICAL REVIEW B 64 235103
235103-7
points within the irreducible wedges of the first Brillouin
zones to calculate the energy densities of states ~DOS!. In
addition to the room-temperature calculation, magnetically
disordered state, spin-polarized calculations were performed
for the magnetically ordered states for both the low tempera-
ture @i.e., Gd5Si4-type; see Fig. 1~b!# and room-temperature
@i.e., Sm5Ge4-type; see Fig. 1~a!# crystal structure models.
Figure 11 illustrates the total DOS curves for the three
cases calculated in this study: ~a! room-temperature, mag-
netically disordered Gd5Ge4 ~only valence s, p, and d func-
tions are included here, since the 4 f functions are treated as
valence orbitals in this model, which form a narrow, intense
peak at the Fermi level, and thus would obscure the valence
s, p, and d bands in this energy region!; ~b! room-
temperature, magnetically ordered Gd5Ge4 ; and ~c! low-
temperature, magnetically ordered Gd5Ge4 ~for spin-
polarized models, majority- and minority-spin DOS curves
are separated!. For the magnetically ordered models, ~b! and
~c!, the narrow Gd 4 f bands are split by ;5.5 eV with the
majority-spin 4 f states ;4.5 eV below the Fermi level and
the minority-spin 4 f -states 1.1 eV above the Fermi level.
The net numbers of unpaired electrons at the Gd and Ge sites
range, respectively, from 7.06–7.20 and 0.00–0.03 electrons.
Common features to all three curves include ~i! states be-
tween 210.8 and 27.0 eV, which are mostly Ge 4s levels;
~ii! states between approximately 25.0 eV to just below the
Fermi level, which have significant combinations of Ge 4p
and Gd 6s and 5d orbitals; ~iii! states just above the Fermi
level which are largely Gd 6s and 5d orbitals; and ~iv! the
DOS curves for all cases, except that the majority-spin bands
of the room temperature magnetically ordered model ~b!
show a small energy gap a few tenths of an eV below the
Fermi level.
To achieve insights into the changes in the electronic
structure, which may account for the observed transport be-
havior of Gd5Ge4, requires a focus on the states near the
Fermi level. Figure 12 shows the spd-only DOS curves for
all three cases for a 5-eV window near the Fermi level. These
curves also show the contributions from Gd 6s , 6p , and 5d
states in this region, which suggests there are significant
combinations from the Gd and Ge valence orbitals. Further-
more, the Fermi levels for the magnetically ordered models
show nonzero densities of states, which is consistent with the
metallic behavior of the low-temperature form of Gd5Ge4 ;
whereas the Fermi level for the magnetically disordered
model falls in the middle of a very narrow set of bands
which suggests the possibility of a Mott-Hubbard semicon-
ducting behavior for this phase.
1. Room-temperature, magnetically disordered model
The calculated Fermi level of 21.30 eV intersects a very
narrow, distinguishable band ~the bandwidth is ;70 meV! of
four orbitals per unit cell @Fig. 12~a!#. The DOS curve falls to
zero at approximately 21.40 eV and these occupied states
correspond to 15 valence s, p, and d states per Gd5Ge4 for-
mula unit. In a formal sense, the 30 valence electrons occu-
pying these states can be assigned to Ge 4s and 4p orbitals
~although this is a drastic simplication as seen by the Gd
partial DOS!. According to the room-temperature structure
FIG. 11. Total DOS curves in the energy range 212.5 to 0.5 eV
for different models of Gd5Ge4: ~a! room-temperature, magnetically
disordered model ~only the s-, p- and d- valence orbital contribu-
tions are shown!; ~b! room-temperature, magnetically ordered
model; and ~c! low-temperature, magnetically ordered model ~see
the text for the structural model used!. In ~b! and ~c!, the majority-
and minority-spin DOS curves are separated, and the Gd 4 f -orbital
contributions are included. The vertical dashed lines in each graph
indicate the corresponding Fermi levels (EF).
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of Gd5Ge4, the chemical formula can be rewritten
Gd5~Ge2!~Ge2), which emphasizes that 50% of the Ge atoms
@i.e., the atoms located inside the slabs; see Fig. 1~a!# form
chemically distinct dimers ~the Ge-Ge distance is 2.688 Å!
while 50% @i.e., those found on the slab surface; see Fig.
1~a!# do not. According to the Zintl-Klemm electron count-
ing formalism for valence compounds,37 the Ge2 dimers are
counted as isoelectronic with halogen dimers, i.e., seven
electron pairs, and each isolated Ge atom is counted as iso-
electronic with a noble-gas atom, i.e., four electron pairs.
This formalism accounts for the 15 electron pairs per for-
mula unit needed to occupy states up to 21.40 eV in the
DOS curve of this model.
Since Gd5Ge4 has 31 valence electrons per formula unit,
the additional electron will occupy the narrow band at ap-
proximately 21.30 eV. According to the band structure, as
well as the integration of the DOS curve, this narrow band
consists of four crystal orbitals. Since there are four formula
units per unit cell, this band is half-filled by four valence
electrons. The DOS curve shows that it splits away from the
conduction band by ;50 meV. An analysis of the four crystal
orbitals at the G point shows a structural rationale for this
observed narrow band: although the Ge-Ge distance ~3.588
Å! between the @Gd5Ge4# slabs precludes a strong chemical
interaction between Ge atoms, there is a short Gd-Gd contact
~3.532 Å! between these slabs. The four crystal orbitals arise
from four Gd-Gd s-bonding orbitals formed from 5d-z2 or-
bitals along the ‘‘bond’’ axes. Weak orbital interactions along
the three crystallographic directions maintain a weak disper-
sion throughout reciprocal space. Figure 13 illustrates the
room-temperature crystal structure of Gd5Ge4 @i.e., the same
as in Fig. 1~a!#, and identifies the short Gd-Gd contacts that
contribute to the narrow band in question. With four valence
electrons per unit cell available, this narrow band would be
half-filled to create a nonmetallic behavior in the sense of a
Mott-Hubbard semiconductor. This theoretical result sup-
ports, in principle, the thermally activated mechanism that
FIG. 12. Valence s, p, and d DOS curves in a 5.0-eV energy
window near the corresponding Fermi levels for each of the three
models, @~a!, ~b!, and ~c!#. The partial DOS ~PDOS! contributions
from Gd are shaded. The inset in ~a! shows a 2.0-eV window to
highlight the distinct, narrow band that is the highest occupied va-
lence band in the magnetically disordered model.
FIG. 13. Projection of the room-temperature structure of
Gd5Ge4 along the @001# direction emphasizing the Gd-Gd interac-
tions ~dark lines! between the slabs that contribute to the half-
occupied band in the DOS of the magnetically disordered model
~a!. The nature of the orbital is illustrated schematically at the right.
The small, light circles represent Ge atoms, and the large, dark
circles the Gd atoms.
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was considered above in Sec. III C, in which the various
models for electron transport were discussed. The presence
of the small energy gap in the spd electronic structure of
Gd5Ge4 also agrees with available data from x-ray photoelec-
tron spectra.38 It is noted that the space group for the room-
temperature Gd5Ge4, Pnma requires fourfold degeneracies in
the one-electron energy band diagram, e.g., at points
Y (b*/2), S(a*/21b*/2), and R(a*/21b*/21c*/2). Since
the unit cell of Gd5Ge4 contains 124 valence s, p, and d
electrons, the highest occupied one-electron energy bands
must be partially occupied. Therefore, the semiconducting
behavior in Gd5Ge4 cannot arise from the completely filled
energy bands separated by an energy gap from the conduc-
tion band.
2. Room-temperature, magnetically ordered model
The DOS curve @Fig. 12~b!# shows that this model would
lead to a metallic behavior due to the nature of the majority-
spin states, even through the Fermi level at 20.85 eV lies in
a local minimum. On the other hand, there is a small fraction
of a narrow, ;350 meV wide, band occupied in the minority-
spin DOS curve. This noticeable peak in the DOS corre-
sponds to the four s-bonding 5d-z2 orbitals identified in the
magnetically disordered model. Subtle changes in structure,
as may occur on cooling, could lead to shifts of these states
in the DOS curves, and Gd5Ge4 could become ‘‘insulator-
like,’’ which has been reported for TMnSb ~T5Fe, Co, Ni,
and Pt! phases.39
3. Low-temperature, magnetically ordered model
According to the DOS curve @Fig. 12~c!#, this model is
clearly metallic. But, in both the majority- and minority-spin
DOS curves, the Fermi level at 20.08 eV falls in a local
minimum. It is noted that the energy gap near 21.0 eV sepa-
rates 14 occupied states below from the conduction band
above. According to the formulation of this low-temperature
structure, Gd5~Ge2!2, where all Ge atoms form chemically
distinct dimers @see Fig. 1~b!#, each Ge2 dimer requires seven
occupied orbitals, which accounts ~formally! for the ob-
served gap in the DOS curves. In this structure, however, the
shortest Gd-Gd contact increases from 3.52 Å in the mag-
netically disordered phase to ;3.75 Å in the low-
temperature magnetically ordered phase, and the distinct,
narrow band associated with the room temperature structure,
@models ~a! and ~b!# now overlaps the conduction band.
Although these computational results provide a model for
the changes in the electronic transport of Gd5Ge4 that is con-
sistent with experimental observations, they also represent a
preliminary effort to identify and understand the complex
interplay among the crystal structures, electronic transport,
and magnetic properties in this system. Further theoretical
and experimental studies, especially taking into account the
complex magnetic behavior of Gd5Ge4 ~see Sec. III A and
Fig. 4! are underway.
IV. CONCLUSIONS
Gd5Ge4 exhibits several interesting electronic transport
phenomena including a high-temperature metal-insulator-like
phase transition and a low-temperature first-order phase tran-
sition induced by a magnetic field. We show that the ob-
served behavior of the electrical resistance of Gd5Ge4 is de-
termined by several mechanisms, i.e., by ~1! the magnetic-
field-induced metamagnetic transition, and ~2! the
temperature-induced transition between metallic and nonme-
tallic states. Both the Fermi-liquid behavior of the electrical
resistivity of Gd5Ge4 and the electronic heat capacity indi-
cate the presence of a narrow conduction band with strong
electron correlations at low temperatures. Several models,
which can describe the electrical resistivity of Gd5Ge4 above
TMIT’130 K, have been considered, and a hopping model
seems to best explain the observed behavior. Preliminary
tight-binding linear-muffin-tin-orbital calculations indicate
that Gd5Ge4 may behave as a metal in the magnetically or-
dered state at low temperature and as a Mott-Hubbard semi-
conductor at high temperature in the magnetically disordered
state.
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